Polarimetric properties of radar echoes from features on the ocean surface. by Morris, James Thomas Stewart
TPolarimetric properties of
radùr echoes from features
on the ocean surface




Department of Electrical and Electronic Engineering
The University of Adelaide
South Australia 5005
Australia
A thesis submitted in fuffilment of the requirements þr the




STATEMENT OF ORIGINALITY ..............VII
LIST OF FIGURES
LIST OF TABLES
LIST OF SYMBOLS ..XIV
LIST OF ABBREYIATIONS............... .... XVIII
ACKNOWLEDGMENTS......... ..XIX
CHAPTnR I INTRODUCTTON.. .....................1
I . I HrsroRrc¡L DEVELopMENT oF RADAR poLARTMETRy .. .. . ... ... .. . ..... ...... . .... ... . .. 1
T.2 POLERIIT¿ETRIC MEASUREMENTS OF THE SEA SURFACE ...................................5
1.3 PRoer-eN4s AND coNTRTBUTToNS ..............9
1.4 OnceNrseuoN oF THE THESTS ................ l1
CHAPTER 2 POLARIMETRIC THEORY ....................15
2.1 INrRooucuoN........... ..........15
2.2 Por.eRrseuoN DESCRrprroN oF pLANE EM weves .................... 15
2.3 TnB por.eRrsATroN ELLrpsE..... ...............I7
2.4 SrorBs vECToR REpRESENTATToN ......... .................. 19
2.5 PorNcenÉ spHERE...... ...........21
2.6 Joxes vECroRS... ..................22
2.7 Cotr¿pLex poLARrsATroN RATro.. ............23
2.8 Por,eRrserroN srcNATURE.......... ...........25
2.9 CHeNcn oF poLARrsATroN BASrs ...........26
2.10 Trie polenrMnTRrc ScATTERTNG pRoBLEM ..............27
2.1 I Tse scerrERrNc vECToR .... .. ... . ..... . ....... 3 I
2,12 Blsrs TRANSFoRMATToNS oF THE ScATTERTNG MATRx.. ...........34
2.13 CH¡necrsRrsrrc poLARrsATroN STATES ..................36
2.14 DrsrRrsurnD scATTERERS.............. ........40
2.14.1 The target coherency qnd covariqnce matrices...................................40
2.14.2 Mueller matrix .............43
2.14.3 Kennaugh matrix....... .....................44
2.15 LrNe or srcHT RorATroN. .....45
2.15.1 LOSrotationofthescatteringmatrix....... .......45
2.15.2 LOS rotatíon of the scatteringvector and coherency matrix...............47
2.16 SYIT,TIT¿STRY PROPERTIES OF DISTRIBUTED SCATTERERS...... .........48
2.16.1 Reflection symmetry.. .....................49
2.16.2 Rotation symmetry .......50
2.16.3 Azímuthal symmetry.. .....................52
2.16.4 Summary of symmetry properties .....................53
2.I7 TeRcBrDECoMposrrroN THEoREMS ......53
2.17.1 Coherent target decomposition techniques............ ............55
2.17.2 Partíally coherent decomposítion techníques (PCTD) ......57
2.I8 PoLRRrverRrc ENTRopy AND ANrsorRopy............... .................59
IX
XIII
2.19 TUB eNrRopy/RNrsorRopy pLANE 
.........602.20 ScerreRr¡¡c MECHANTsMS ........... 
..........652.21 PeRev¡reR ESTrMATroN............. 
...........692.22 ClassrprcertoNrNTHE¡I_a spACE. 
.....702.23 ClessrprcerroN rN THE H _ A_a spACE... 
..................742.24 SyNopsIs 
.................. .,..'.....,,1g
CHAPTER 3 CALIBRATION....... 
.................81
3.1 INrnooucrroN........... 
..........g13.2 Car-leRArroN TARGETS ............... 
........... 
g13.2.1 Metallic sphere....... 
......g23.2.2 Trihedral corner reflector.... 
.......... 
gj3.2.3 Dihedral corner reflector.... 
........... 
g-53.2.4 Bruderhedral...........,... 
...,...............g73.2.5 Finite length cylinders 
.,........,........ gg3.2.6 Dipoles 
....... 
gg3.2.7 He1ix......... 
....................g13.2.8 Quarter wave reflector............. 
......g23.2.9 Polarimetric Active Radar Calibrator (1ARCS) 
...............943.2.10 Polarimetric delay calibrator 
........g43.2.11 Polarimetric dual delay calibrator. 
.................g53.3 Por-RRlvErRrc cALTBRATToN TECHNreuES................ 
.................963.4 MarRrx FoRMULATToN oF THE cALTBRATToN pRogLEM...............................9g3.5 DrsronrroN MATRTx MoDELS 
.................gg3.6 KnoNEcr¡R DrsToRTroN MATRTx MoDEL 
..............1043.6.1 Passive/active reflectors ............ 
............,.......1053.6.2 Symmetrisation............ 
................. 1063.7 ClurrBR cALTBRATIoN .............. 
..........1103.8 Fl¡r_o cALIBRATToN METHoDoLocTES 
....................110
3 8 I Van Zyl Algorithm.......,. 
.......,.......I I I3.8.2 Klein method..... 
......... I I I3.8.3 Freeman method ..... 
... I 123.8.4 V[/iesbeck method...... 
.................... ] I23.8.5 Nesti approach........,. 
................... I 123.8.6 Gau algorithm..........., 
..........,....... I I33.8.7 Muth technique........... 
.................. I 13
3 8.8 Quegan method ..... 
..... I 133 8.9 Ulaby and Sarabandi algorithms,.....,...... 
......I 143.8.10 Brock procedure......... 
..........,....... I I53.8.1I Chen method...........,... 
.,...............1163.9 cel-reRerroN oF rnp DSTo HrcH RESoLUTToN RADAR sysrEM................ r 163 2 I Coruugated parallel plate target,.,. .......,........ I 163.9.2 Trihedral calibratíon 
...................I Ig3.9.3 Dihedral calibration 
....................I2g3.10 Deley LrNE cALTBRAToR MEASUREMENTS.......... 
...1333.11 VaLnerroN EXpERrMENTS........... 
........I3g3.12 SyNopsrs 
..........142
CHAPTER 4 DSTO HIGH RESOLUTION POLARIMETRIC RADAR......145






4.5 Dere AceursrrroN AND coNTRoL sysrEM ............ 151
4.6 DoppreR MoDE........ ........... 153
4.7 Sorrwen¡ TooLS ...............156
4.7.1 Dato processing tools .................. 156
4.7.2 Theoretical tools ........ 158
4.7.3 Visualisation of optimal polarisation states ....................158
4.8 SyNopsrs ..........162
CHAPTER 5 SEA SURFACE SCATTERING ........... ....................163
5.1 HvoRooyNAMrc MoDELS oF THE sEA suRFAcE............. ..........164
5.1.1 Statistical description of the sea surface .......166
5.2 Quesr-onrERMrNrsrrc SURFACE FEATURES. ...........1695.2.1 Sea Wave Pattern Evaluation (SWPE) ..........169
5.2.2 Nonlinear Free-Surface Flow Solver....... ......170
5.2.3 Exploitation of quasi-deterministic surfocefeatures .......170
5.3 NoNlrNr¡R HyDRoDyNAMrcs........ ...... 170
5.3.1 Weakwave-wave interactions................ ........172
5.4 ElecrRovrAGNETrc SURFACE ScATTERTNG MoDELS. ................ 173
5.4.1 Electromagnetic scatteringfrom rough surfaces.... .........174
5.4.2 The small perturbation method...... ................175
5.4.3 The Kirchhoffapproximation......... ................176
5.4.4 Bragg / Composite surface models ................178
5.4.5 Analytical scattering theories ......181
5.4.6 Surface scatteringfeature models............... ...181
5.4.7 Clutter statistics .........183
5.5 CovaRreNCE MATRTx FoRMULATToN oF BRAcc MoDELS ........ 183
5.5.1 Fírst-order two-scale Bragg scattering model ................184
5.5.2 The extended Bragg mode1........ ...187
5.6 MooBr-r-rNG RADAR RETURNS FRoM sEA MoDELS................ ..... 193
5.6.1 Justificationfor adopting the two-scale Bragg models ...193
5.6.2 Analysis of the entropy of breaking ocean waves ............194
5.6.3 Validation of ocean surface measurements ............ .........199
5.7 Weerrv NoNLTNEAR pRocESSES ..........206
5.8 SvNopsrs ..........209
CHAPTER 6 OBSERVED POLARIMETRIC SIGNATURES OF FEATURES
oN THE OCEAN SURFACE ..................211
6.I EvaNs H¡ep MEASUREMENTS.......... ....212
6.1.1 Experimental setup.... ...................212
6.1.2 Resultsfrom direction 1............... ..................214
6, L 3 Results from direction 2 ............... ........... .. ..... 2 1 96.1.4 Resultsfrom direction 3............... ..................224
6.1.5 Simulqted breakingwave using theX-Bragg mode|..........................228
6.2 Yelr-rNcup MEASUREMENTS......... .......231
6.2.1 Expertmental setup.... ...................231
6.2.2 Waveþrm I results ....233
6.2.3 Doppler processing.... ..................240
il
6.3 PoLeRIuerRIC MEASUREMENTS oF wAKES ............241
6.3.1 Darwin Harbour measurements ......'..'.. ."..'..242
6.3.2 Comparison with modelled results......... .'..-'..244
6.4 QureNscuFF plt.or BoAT wAKE MEASUREMENTs........... -....-...246
6.4.1 Generation of range profi1es............. '.'..".'.'..247
6.4.2 Wake measurements............. '....'..248
6.4.3 Wake analyst^s............... .'..'.'..'.'..'.249
6.4.4 Comparison of techniques........... .'.'.'."."....'.'257
6.4.5 Enhancedwake detection................ '..'....'..'.'.258
6.4.6 SWPE modelling '..'."'260
6.5 INoucBo wAVE BREAKINc MEASUREMENTS......... ..................-.26I
6.5.1 Target Description..... ".'.'."."....'.262
6.5.2 X band in-bound measuremenls..............' '.'..'263
6.5.3 X band out-bound meqsurements...'....'...',. ..'.266
6.5.4 Ku band in-bound measurements..........'.. .'."'268
6.5.5 lVave breaking events ".'..'.'....".'.270
6.6 SyNopsrs ..........272
CHAPTER 7 CONCLUSION AI\D SUMMARY OF CONTRIBUTIONS....275
CIIAPTER 8 BIBLIOGRAPHY ....,....,....,....279
IV
Abstract
This thesis presents the results of an investigation of the polarimetric properties of
radar echoes from features on the sea surface, including freely-propagating gravity
and capillary waves, breaking waves and ship wakes. Analysis and interpretation of
the data is based mainly on the Cloude-Pottier HlN d decomposition of the
coherence / covariance matrix. Variations in the distribution of polarimetric entropy,
scattering alpha and anisotropy of radar echoes are examined in the in the H-4, H-A
and H-A-ã spaces to characterise the dominant scattering mechanisms.
First, a review of the concepts and theory of polarimetric scattering from point and
distributed targets is given. A detailed examination of the theory and techniques
developed to calibrate polarimetric radar systems follows, focussing on the need to
calibrate in the field as opposed to the ideal laboratory environment. A new
calibration scheme is described that employs a parabolic dish antenna with a dual
linear feed horn with two delay lines to perform the radiometric calibration, while a
rotating dihedral corner reflector is used to perform the phase calibration; this design
achieves stable, accurate calibration to +0.5 dB in magnitude and 4o in phase.
Radar scattering from the sea surface is then discussed in the context of the
hydrodynamic problem of describing the sea surface and the electromagnetic problem
of finding an approximate solution to Maxwell's equations. The X-Bragg model is
applied to predict variations in the polarimetric parameters for progressive and
breaking waves. The problem of validating polarimetric measurements of the sea
surface is discussed and the possibility of exploiting a quasi-deterministic surface, in
the form of a Kelvin wake generated by a moving ship, is proposed and assessed by
experiment.
Investigations of the polarimetric characteristics of the near shore wave field are then
reported and a comparison with the results predicted by the X-Bragg model given.
Polarimetric wake measurements are analysed using (i) eigen-decomposition of the
coherency matrix, and (ii) a novel method based on the distribution of the cross-polar
nulls. These approaches are compared with the scattering predictions obtained using
numerical wake prediction codes, combined with the Bragg scattering model. The
application of wakes as a tool for studying highly nonlinear hydrodynamic processes
is demonstrated using the interaction between the wake produced by a boat and
ambient swell to initiate wave breaking events.
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